The molecular basis of selectivity in G-protein receptor coupling has been explored by comparing the abilities of G-protein heterotrimers containing chimeric Gα subunits, comprised of various regions of Gi1α, Gtα and Gqα, to stabilize the high affinity agonist binding state of serotonin, adenosine and muscarinic receptors. The data indicate that multiple and distinct determinants of selectivity exist for individual receptors. While the A1 adenosine receptor does not distinguish between Gi1α and Gtα sequences, the 5-HT 1A and 5-HT 1B serotonin and M2 muscarinic receptors can couple with Gi1 but not Gt. It is possible to distinguish domains that eliminate coupling and are defined as "critical", from those that impair coupling and are defined as "important". Domains within the N-terminus, α4 helix, and α4 helix-α4/β6 loop of Gi1α are involved in 5-HT and M2 receptor interactions. Chimeric Gi1α/Gqα subunits verify the critical role of the Gα C-terminus in receptor coupling, however, the individual receptors differ in the Cterminal amino acids required for coupling. Furthermore, the EC 50 for interactions with Gi1 differ among the individual receptors. These results suggest that coupling selectivity ultimately involves subtle and cooperative interactions among various domains on both the G-protein and the associated receptor as well as the G-protein concentration.
SUMMARY
The molecular basis of selectivity in G-protein receptor coupling has been explored by comparing the abilities of G-protein heterotrimers containing chimeric Gα subunits, comprised of various regions of Gi1α, Gtα and Gqα, to stabilize the high affinity agonist binding state of serotonin, adenosine and muscarinic receptors. The data indicate that multiple and distinct determinants of selectivity exist for individual receptors. While the A1 adenosine receptor does not distinguish between Gi1α and Gtα sequences, the 5-HT 1A and 5-HT 1B serotonin and M2 muscarinic receptors can couple with Gi1 but not Gt. It is possible to distinguish domains that eliminate coupling and are defined as "critical", from those that impair coupling and are defined as "important". Domains within the N-terminus, α4 helix, and α4 helix-α4/β6 loop of Gi1α are involved in 5-HT and M2 receptor interactions. Chimeric Gi1α/Gqα subunits verify the critical role of the Gα C-terminus in receptor coupling, however, the individual receptors differ in the Cterminal amino acids required for coupling. Furthermore, the EC 50 for interactions with Gi1 differ among the individual receptors. These results suggest that coupling selectivity ultimately involves subtle and cooperative interactions among various domains on both the G-protein and the associated receptor as well as the G-protein concentration.
INTRODUCTION
A large number of diverse seven transmembrane spanning cell surface receptors mediate signaling to a variety of intracellular effectors by coupling to the heterotrimeric guanine nucleotide-binding regulatory proteins (G proteins) (1) . The mechanisms responsible for selectivity in G protein mediated signaling pathways are not fully understood (2;3). Although it is known that at the molecular level the selectivity in G protein-receptor coupling is determined by amino acid sequences of both receptor and G protein, the individual amino acids involved in this selective recognition have not been completely identified. Different receptor systems and different methodologies indicate that the Gα subunit C terminus and α5 helix (4) (5) (6) (7) , N terminus and αN helix (4;8-10), α4 helix and α4/β6 loop (11) (12) (13) , α2 helix and α2/β4 loop (14) , α3/β5 loop (15) , αN/β1 loop (13) and amino acids 110-119 from the α helical domain (16) are involved in receptor coupling selectivity. Some of these domains contact the receptor directly, while others regulate receptor coupling selectivity indirectly by playing a role in nucleotide exchange. Despite the fact that many of the receptor interacting domains have been identified, the relationship between receptor subtypes and Gα domains involved in receptor coupling has not been clearly established. Thus, it is difficult to predict which Gα domains will be utilized by a specific receptor. Here we propose that individual receptors recognize specific patterns formed by amino acids of Gα thus making G protein interface look different for different receptors. The C terminus of Gα is a well accepted receptor recognition domain, which contacts receptors directly (17) . Although individual C terminal amino acids important for receptor coupling have been identified in several Gα subunits, the specific Gα amino acids participating in receptor recognition may differ among receptors. The α4 helix-α4/β6 loop domain, first described as an effector domain, has been shown to be important for 5-HT 1B receptor coupling to Gi1 (11) .
Later it was demonstrated that Gln304 and Glu308 in the α4 helix of Gi1α are important for 5-HT 1B receptor coupling (18) . However the generality of the role for the α4 helix-α4/β6 loop domain in receptor coupling selectivity has not been determined.
Gi1α and Gtα are closely related Gα subunits, which belong to the Gi/o class of G protein α subunits, share 68% homology, and have nearly identical overall structures. Although the 5-HT 1B receptor discriminates between Gi1 and Gt (11;19) , the fact that their C termini are identical render Gi1α/Gtα chimeras useless for exploring the role of this domain in receptor coupling. However, the extreme C terminus of Gqα differs from that of Gi1α by four amino acids, while their α5-helixes differ by an additional nine amino acids. Thus Gi1α/Gqα chimeras are ideal for studying the role of this domain in coupling. Since several different GPCRs 1 can couple to the same G protein, we wanted to test the hypothesis that individual receptors utilize slightly different domains on Gα subunits to achieve coupling. G protein-receptor coupling selectivity may also be regulated at the level of G protein concentration. In fact, Clawges et al.
demonstrated that 5-HT 1A and 5-HT 1B receptors distinguish themselves by the affinity with which they interact with G proteins (20) . Therefore we also wanted to test the generality of this mechanism with different receptors. Here we compare the coupling behavior of four Gi/ocoupled receptors (5-HT 1A and 5-HT 1B serotonin, A1 adenosine and M2 muscarinic) by reconstituting them with G protein heterotrimers containing native or chimeric Gα subunits composed of Gαi1, Gαt and Gαq. Our data demonstrate that selective coupling between Gi1 and the members of Gi/o-coupled receptor family is directed by multiple and distinct Gα domains and is regulated at the level of G protein concentration.
increase in intrinsic tryptophan fluorescence) or binding to the cGMP phosphodiesterase γ subunit (11;18;19) .
Preparation of Sf9 membranes containing expressed receptors-Sf9 cells were infected
with a recombinant baculovirus expressing the desired receptor, cultured and harvested as previously described (22) . To prepare membranes, harvested cells were thawed in 15x their wet weight of ice cold homogenization buffer (10 mM Tris-Cl, pH 8.0 at 4 °C, 25 mM NaCl, 10 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 20 µg/ml of benzamidine and 2 µg/ml of each of aprotinin, leupeptin and pepstatin A) and burst by nitrogen cavitation (600 psi, 20 minutes).
Cavitated cells were centrifuged at 4 °C for 10 minutes at 500 x g to remove the unbroken nuclei and cell debris. The supernatant from the low speed spin was centrifuged at 4 °C for 30 min at 28,000 x g. The supernatant was discarded and the pellets were resuspended and pooled in 35 ml of HE buffer (5 mM NaHEPES, l mM EDTA, pH 7.5) containing the same protease inhibitors as used in the homogenization buffer. Adenosine receptor HE buffer included 100 mM NaCl in addition to the above components. The membranes were washed twice in HE, resuspended in the same buffer at a concentration of 1-3 mg protein/ml, aliquoted, snap frozen in liquid nitrogen, and stored at -70 °C.
Reconstitution of receptors with exogenous G-proteins-Frozen membranes were thawed, pelleted in a refrigerated microcentrifuge (10 min, 12,000 rpm) and resuspended at about 10 mg/ml in a reconstitution buffer consisting of 5 mM NaHEPES, 100 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA, 500 nM GDP, 0.04% CHAPS (0.08% CHAPS for M2 receptor), pH 7.5. G protein subunits were diluted in the same buffer such that the desired amount of subunit was contained in 1-5 µl. Typically, 1-2 µl of G protein subunits were added to 40 µl of membrane suspension, the mixture was incubated at 25 °C for 15 minutes and held on ice until the start of the binding assay. 
Radioligand binding-

RESULTS
Previously we have shown that amino acids 299-318 and 1-219 of Gi1α are molecular determinants of 5-HT 1B receptor coupling (11) and that two amino acids in the α4 helix of Gi1α (Gln304 and Glu308) are especially important for 5-HT 1B receptor coupling (18) . The goal of the present study was to examine the generality of these findings among closely related members of the Gi/o-coupled receptor family. Our general strategy involves reconstitution of purified G proteins containing chimeric α subunits with receptors expressed in Sf9 insect cell membranes and comparison of the abilities of these chimeric G proteins to stabilize the high affinity agonist binding state of the receptors in an affinity shift activity assay. In the present study we compared the coupling behavior of four different Gi/o-coupled receptors: 5-HT 1A and 5-HT 1B serotonin receptors, M2 muscarinic receptors and A1 adenosine receptors. Figure 2 depicts the secondary structures of the Gi1α/Gtα chimeras used in this study. All of these chimeras have been previously described and were used to study Gi1α domains involved in 5-HT 1B receptor coupling (11;18;19) . Figure 3 , in which 100% activity corresponds to the affinity shift activity of Gi1, shows the per cent affinity shift activity of Chi2, Chi3, Chi6, Chi13 and Chi21. Chi6
Affinities of individual receptors for G proteins-
Affinity shift activity of chimeric Gα subunits-
was constructed as a soluble analog of Gtα and has the same functional properties as Gtα (19) . (20) . In contrast, the data in Figure 3 demonstrate Chi6 was 74% active with the A1 adenosine receptor, indicating that A1 adenosine receptor doesn't discriminate well between Gt and Gi1 sequences. Similarly, native transducin was 80% active with the A1 adenosine receptor which is not significantly different from Chi6 (data not shown). Although the activity of Chi6 (and native transducin) with the A1 adenosine receptor was significantly lower (p<0.001) than the activity of Gi1, the magnitude of the difference was too small to be of use in identifying the precise domains responsible for the reduced activity. However, the inability of the 5-HT 1A , 5-HT 1B and M2 muscarinic receptors to couple with Chi6 allowed us to use additional chimeras containing less Gtα sequence to more precisely identify the domains required for coupling. show that amino acids 299-319 of Gi1α (α4-helix and α4/β6-loop) are critical for 5-HT 1A , 5-HT 1B and M2 receptor coupling, but not for A1 adenosine receptor coupling. In contrast, Chi13, with six amino acids variant from Gi1α, was active with all four receptors indicating that the 35 C-terminal amino acids of Gi1α and Gtα are functionally interchangeable in coupling these receptors. Nevertheless, the significantly (p<0.01) reduced activity of Chi13 (85.9%) with the M2 receptor and the significantly (p<0.01) increased activity with both 5-HT 1A (128%) and 5-HT 1B (124.5%) receptors suggest subtle differences in the coupling mechanism of these receptors. The role of the extreme C-terminus of Gi1α cannot be evaluated with these chimeras because the eight C-terminal amino acids of Gi1α and Gtα are identical.
Role of the α4-helix and α4/β6-loop of Gi1α in receptor coupling-In order to investigate α4-α4/β6 region of Gi1α in more detail we used several additional chimeras to subdivide this region (Figure 4 ). Chi22 has the α4 helix of Gi1α replaced with that from Gtα while Chi25 has the α4/β6 loop of Gi1α replaced with that from Gtα. Chi23 has the α4/β6 loop of Gi1α replaced with that from Gtα and also switches the Glu in Gi1α at the end of the α4 helix for the Leu found in Gtα. Chi24 has the central part of the α4/β6 loop with two variant amino acids switched between Gi1α and Gtα. These chimeras were fully active with the A1 adenosine receptor (data not shown), supporting our conclusion that the A1 receptor does not use the α4-α4/β6 region to distinguish between Gt and Gi1 (see Figure 3 ). Figure 5 shows the affinity shift activity of these chimeras with 5-HT 1A , 5-HT 1B and M2 receptors. Chi22 had low affinity shift activity with all three receptors indicating that a critical determinant of coupling selectivity for these receptors is located in the α4 helix of Gi1α ( Figure 5 ). For the 5-HT 1B receptor, the activity of Chi22 was significantly higher than the activity of Chi3 (p<0.01), indicating that the α4/β6 loop may also play a role in 5-HT 1B receptor coupling. This conclusion is supported by the Chi25 activity with the 5-HT 1B receptor (73%), which was significantly (p<0.001) lower than the activity of Gi1 (100%). However, Chi25 was 91% as active with M2 muscarinic receptor) which was not significantly different (p>0.05) from Gi1 activity) and was 121% as active with the 5-HT 1A receptor (which was significantly (p<0.001) higher than Gi1). Taken together the data suggest the α4/β6 loop is utilized differently by these receptors. Chi24 was fully active with all three receptors ( Figure 5 ) which suggests that the reduced activity of Chi25 with the 5-HT 1B receptor is due to the replacement of Asp309 by Glu at the beginning of the α4/β6 loop ( Figure 4 ). Figure 5 also shows the affinity shift activity of Chi23 was significantly reduced (p<0.001) compared with the activity of both Gi1 and Chi25 for all three receptors.
Chi23 differs from Chi25 by just one amino acid (replacement of Glu308 from Gi1α for Leu from Gtα) indicating that Glu308 is important for coupling to 5-HT 1A , 5-HT 1B and M2
receptors. Taken together, the data indicate that the α4 helix (Glu308 in particular) is important for all three receptors, and that the α4/β6 loop (probably Asp309) is also important for 5-HT 1B receptors.
Defining individual amino acids in the α4-α4/β6 region of Gi1α− To prove the role of Glu308 in receptor coupling and also to study the role of other amino acids in the α4-α4/β6
region of Gi1α we used chimeras in which amino acids Ala301, Gln304, Cys305, Glu308, Lys312 and Thr316 of Gi1α were replaced individually or in combinations with the corresponding amino acids of Gtα. All of the mutants used here have been previously described (18) . First we studied the role of these amino acids with a loss of function assay. Mutants in which amino acids of Gi1α were replaced individually or in combinations with the corresponding amino acids of Gtα would be expected to exhibit reduced affinity shift activities if these amino acids were important for coupling. Replacement of Ala301 with Asn did not reduce activity (Gi1A301N, Figure 6 ) demonstrating that Ala301 is not important for coupling any of the receptors tested. When Gln304 was changed to Lys (Gi1Q304K, Figure 6 ) activity with 5-HT 1A and M2 receptors was significantly (p<0.001) reduced, but as reported previously (18) , this single amino acid replacement did not significantly reduce affinity shift activity with 5-HT 1B receptors ( Figure 6 ). The activity of Gi1C305V shows that Cys305 is important for M2 muscarinic receptors (67% activity, p<0.001) but not important for either 5-HT receptor ( Figure   6 ). Glu308 is an important amino acid for all three receptors as the Gi1E308L mutant displays 62%, 73% and 61% of activity with 5-HT 1A , 5-HT 1B and M2 receptors respectively (p<0.001) ( Figure 6 ). Lys312 and Thr316 are not important for coupling these receptors and the increased activity of Gi1K312M and Gi1T316V with the 5-HT 1A receptor (p<0.001) is consistent with the increased activity of Chi25 with this receptor.
Data obtained with three double mutants (Gi1Q304K/C305V, Gi1Q304K/E308L, Gi1C305V/E308L) and a triple mutant (Gi1Q304K/C305V/E308V) support the conclusions drawn from the point mutants ( Figure 6 ). The activity of the Gi1Q304K/E308L mutant was lower than the activity of either Gi1Q304K or Gi1E308L for all receptors supporting the importance of both Gln304 and Glu308 in receptor coupling. The role of Cys305 in M2 receptor coupling is supported by the observation that the activity of Gi1Q304K/C305V mutant was significantly lower than the activity of the Gi1Q304K mutant (p<0.05). Furthermore, the activity of the triple mutant (Gi1Q304K/C305V/E308V) was the lowest of all with the M2 receptor, supporting the idea that Gln304, Cys305 and Glu308 are all important for M2 receptor coupling. On the other hand, the conclusion that Cys305 is not important for coupling the 5-HT 1A and 5-HT 1B receptors is supported by the observations that the 304/305 and 305/308 double mutants have similar activities with these receptors as the Q304K and E308L single mutants and the 304/305/308 triple mutant is similar in activity to the 304/308 double mutant with these receptors.
Gain of function assays, in which amino acids from Gi1α replaced those from Gtα in Chi22 were used to confirm the role of the amino acids identified in the loss of function assay.
The data in Figure 7 demonstrate that substituting back Ala301 does not lead to gain of function with any of the receptors tested, supporting the conclusion that Ala301 of Gi1α is not important for receptor coupling. Substituting back Gln304 (Chi22K300Q) resulted in significant (p<0.001) gain of activity with 5-HT 1B receptors which is in contrast to the absence of a loss of activity with 5-HT 1B receptors when Gln304 was mutated to Lys in Gi1α. Similarly, substituting back Cys305 in the Chi22V301C mutant resulted in significant (p<0.05) gain of activity with 5-HT 1B receptors but had no effect with M2 receptors. The precise reasons for these anomalies are unknown but may be related to the actual role of these amino acids in the context of their neighbors. Substituting back Glu308 alone (Chi22L304E) resulted in a gain of affinity shift activity of 48% with 5-HT 1A receptors (p<0.001), 38% with 5-HT 1B receptor (p<0.001) but only 17% (p>0.05) with M2 receptors. However, when both Gln304 and Glu308 were substituted back into Chi22 sequence (Chi22K300Q/L304E), a full gain of activity was observed with 5-HT 1A and 5-HT 1B receptors, as Chi22K300Q/L304E activity was not significantly different from activity of Gi1 (100%). The gain of function with M2 receptors was significant (45% gain of activity, p<0.001), though still less than the activity of Gi1. Taken together, the data indicate that Gln304 and Glu308 of Gi1α are important for 5-HT 1A , 5-HT 1B and M2 receptor coupling, and that Cys305 of Gi1α is important for M2 receptor coupling in addition to Gln304 and Glu308.
Role of C terminus of Gi1α in receptor coupling-Alignment of the C-terminal
sequences of Gi1α and Gtα indicates that their extreme eight C-terminal amino acids are identical ( Figure 8 ). Because numerous studies have indicated the C terminus of Gα plays a significant role in receptor coupling, we decided to investigate the role of C terminus of Gi1α in 5-HT 1A , 5-HT 1B , A1 and M2 receptor coupling using Gi1α/Gqα C-terminal chimeras in which 3, 5, 11 or 35 C-terminal residues of Gi1α were replaced with those from Gqα. These chimeras are designated Q3C, Q5C, Q11C and Q35C respectively. As shown in the sequence alignments in Figure 8 , the extreme C-terminus of Gqα differs from that of Gi1α in just four amino acids.
Loss of function experiments may demonstrate partial or complete loss of activity. As shown in Figure 9 , replacement of just two of these amino acids with those from Gqα in the Q3C mutant significantly lowers the affinity shift activity with all four receptors. The nearly complete loss of affinity shift activity (0.3% and 11.2%, respectively) with 5-HT 1B serotonin and A1 adenosine receptors suggests that these amino acids are critical for coupling, while the more modest decrease in activity (65% and 68% activity, respectively) with the 5-HT 1A and M2 receptors At the level of Gα domains, the major difference we found is that the A1 adenosine receptor does not discriminate well between Gi1α and Gtα sequences. In contrast, the 5-HT and M2 receptors couple with Gi1 but fail to couple with Gt. This selectivity allowed us to use Gi1α/Gtα chimeras to define domains on Gi1α important for coupling with these receptors. Our findings indicate that amino acids especially important for receptor coupling are located in the α4 helix. In addition, the 5-HT 1B receptor may require Asp309 at the beginning of α4/β6 loop for optimal coupling. The corresponding amino acid in Gtα is Glu305, and while both are Wong demonstrated that incorporation of α4/β6 loop of Gαz into a Gαt backbone was not sufficient for δ-opioid receptor coupling (23) . Taken together, these results support the idea that even if different receptors recognize the same general domain on Gα subunits, the specific amino acids involved in receptor interactions may be different.
Another region of Gi1α important for 5-HT and M2 receptor coupling is the N terminus, as affinity shift activity with Chi21 was lower than with Gi1 for these receptors. According to the literature, the amino acids that bind to the receptor map to approximately positions 1-30 of the α subunits (4). This region, which includes the N terminus and the αN helix, contains the most differences between Gi1α and Gtα with 15 variant amino acids compared with just 9
variants from amino acids 31 to 219. Another significant difference between Gi1α and Gtα is that the αN helix of Gtα is 4 amino acids shorter than the αN helix of Gi1α. Thus it is possible that amino acids 1-30 are important but not critical for 5-HT and M2 receptor coupling.
Although the C terminus of Gα subunits is postulated to directly contact the receptor and mediate receptor coupling selectivity, our data show that the specific amino acids involved in this recognition differ among the receptors studied. Cys351 (position −4), Gly352 (position −3)
and Phe354 (position −1) in Gi family members have been shown to be important for mediating selectivity of receptor coupling (reviewed in) (2) . Gain of function studies with Gq/i chimeras (5;24) indicate that five C terminal amino acids of Giα are sufficient for coupling to A1 and M2
receptors while three C terminal amino acids of Giα are not enough for A1 receptor coupling (5) . Although so far it has not been possible to successfully solve the structure of the Gα C terminus in the context of the whole molecule (the C terminus is disordered in the crystal), the structure of the C-terminal undecapeptide of Gtα bound to activated rhodopsin has been resolved by NMR spectroscopy (25) . In this C-terminal decapeptide, the first eight residues form an α helix which is terminated by an α L type C-cap (26) with C terminal glycine (Gly348 in Gtα, Gly352 in Gi1α) in the center of the reverse turn (27) . Thus the observation (5) (28) and so the C-terminal residues from the NMR structure of the Gtα C-terminal decapeptide (27) have been docked to the crystal structure.
The domains of Gi1α discussed herein are surface exposed and located on the G protein surface that is presumed to face the receptor. They are therefore available for receptor coupling.
However, while some amino acids may be involved in coupling by making direct contact with receptors, others may be involved indirectly by playing a role in guanine nucleotide exchange, and it is not possible to distinguish between these possibilities based on our functional coupling assays. Regions of Gi1α that eliminated coupling upon replacement with the corresponding regions from Gtα or Gqα have been colored red and yellow in Figure 10 , with the yellow portions defining residues whose replacement merely reduced coupling. The green regions also merely reduced coupling but were not found to be part of a larger region that eliminated 
